Using a cytological assay to monitor the successive chromatin association of replication proteins leading to replication initiation, we have investigated the function of fission yeast Cdc23/Mcm10 in DNA replication. Inactivation of Cdc23 before replication initiation using tight degron mutations has no effect on Mcm2 chromatin association, and thus pre-replicative complex (pre-RC) formation, although Cdc45 chromatin binding is blocked. Inactivating Cdc23 during an S phase block after Cdc45 has bound causes a small reduction in Cdc45 chromatin binding, and replication does not terminate in the absence of Mcm10 function. These observations show that Cdc23/ Mcm10 function is conserved between fission yeast and Xenopus, where in vitro analysis has indicated a similar requirement for Cdc45 binding, but apparently not compared with Saccharomyces cerevisiae, where Mcm10 is needed for Mcm2 chromatin binding. However, unlike the situation in Xenopus, where Mcm10 chromatin binding is dependent on Mcm2-7, we show that the fission yeast protein is bound to chromatin throughout the cell cycle in growing cells, and only displaced from chromatin during quiescence. On return to growth, Cdc23 chromatin binding is rapidly reestablished independently from pre-RC formation, suggesting that chromatin association of Cdc23 provides a link between proliferation and competence to execute DNA replication.
INTRODUCTION
Eukaryotes share a common mechanism that coordinates the initiation of DNA replication from a large number of chromosomal origins (reviewed in Bell and Dutta, 2002; Takisawa et al., 2000; Blow and Hodgson, 2002; Diffley and Labib, 2002) . Initiation involves the origin recognition complex (ORC), which in yeasts is associated with DNA throughout the cell cycle (Aparicio et al., 1997; Lygerou and Nurse, 1999) . Additional proteins associate with ORC during late mitosis/G1, thus establishing competence for initiation during the subsequent S phase. This process, called licensing or pre-replicative complex (pre-RC) formation, involves the initial association of Cdt1 and Cdc6/Cdc18 with ORC and the subsequent assembly of Mcm2-7 proteins onto chromatin (Donovan et al., 1997; Tanaka et al., 1997; Maiorano et al., 2000; Nishitani et al., 2000) . S phase initiation itself is triggered by activation of two protein kinases, Cdc7 and cyclindependent kinase (CDK). A likely target of Cdc7 is the Mcm2-7 complex (reviewed in Masai and Arai, 2002; Sclafani, 2000) , which probably provides helicase activity during replication (Ishimi, 1997) , but the targets of CDK remain to be identified.
During replication initiation, further proteins needed for the elongation step of DNA replication, such as Cdc45/Sld3 (Mimura and Takisawa, 1998; Zou and Stillman, 2000; Kamimura et al., 2001; Nakajima and Masukata, 2002) and DNA polymerases ␣ and ⑀ (Mimura and Takisawa, 1998; Mimura et al., 2000) , associate with initiation sites and, to-gether with Mcm2-7 proteins, move away from origins (Aparicio et al., 1997; Diffley and Labib, 2002) . As S phase progresses, Mcm2-7 proteins dissociate from chromatin and their reassociation with already replicated DNA is blocked, thus restricting replication to a single round per cell cycle. This block to reinitiation is effected by CDK, which blocks the chromatin binding of Mcm2-7 proteins by multiple mechanisms (Nguyen et al., 2001) , and by geminin, which inhibits Cdt1 function in Metazoa (McGarry and Kirschner, 1998; Wohlschlegel et al., 2000; Tada et al., 2001) .
Fission yeast Cdc23 (homologous to Saccharomyces cerevisiae Mcm10/Dna43) is another essential replication protein (Nasmyth and Nurse, 1981; Aves et al., 1998) . This factor was identified using screens for mutants affected in DNA replication (Dumas et al., 1982; Solomon et al., 1992) and minichromosome maintenance (Maine et al., 1984) . Mcm10 mutants show a reduced efficiency of origin use and replication elongation across origins is impeded (Merchant et al., 1997; Homesley et al., 2000) . Mcm10/cdc23 alleles show genetic interactions with a wide range of other replication mutations, suggesting that this factor is involved in both the initiation and elongation steps of DNA replication. These include mutations affecting ORC, Mcm2-7, SpCdc24, ScCdc45, ScDpb11, and subunits of DNA polymerases ␦ and ⑀ (Tanaka et al., 1999; Homesley et al., 2000; Kawasaki et al., 2000; Liang and Forsburg, 2001; Hart et al., 2002) . Physical interactions between Mcm10/Cdc23 and ORC or Mcm2-7 proteins have also been detected (Merchant et al., 1997; Homesley et al., 2000; Izumi et al., 2000; Kawasaki et al., 2000; Hart et al., 2002) and in vivo cross-linking has shown Mcm10 to be associated with DNA at an S. cerevisiae replication origin (Homesley et al., 2000) .
Mcm10 shows functional conservation as the S. cerevisiae MCM10 gene can complement a fission yeast cdc23 mutant (Aves et al., 1998) (Homesley et al., 2000) , whereas in Xenopus, Mcm10 depletion affects a later step in replication initiation, blocking the chromatin association of Cdc45 (Wohlschlegel et al., 2002) . To clarify these differences, we have characterized in greater detail the fission yeast Cdc23 homologue. We show that, as in Xenopus, Cdc23 is required for chromatin association of Cdc45 and does not affect earlier stages of replication initiation. Cdc23 is distinct from vertebrate Mcm10, however, in terms of its cell cycle pattern of chromatin association, reflecting differences in how this protein interacts with replication complexes.
MATERIALS AND METHODS

Fission Yeast Strains and Methods
Strains used are shown in Table 1 . Media and growth conditions and standard genetic methods were as described by Moreno et al. (1991) . Thiamine at 5 g/ml was used to repress the nmt1 promoter and hydroxyurea (HU) was used at 12 mM. Nitrogen starvation was carried out using EMM medium lacking NH 4 Cl.
Construction of CFP-and YFP-tagged Strains
Oligonucleotide primers used in plasmid construction are shown in Table 2 . Cyan fluorescent protein (CFP) or yellow fluorescent protein (YFP)-encoding DNA fragments were amplified from either pECFP-C1 or pEYFP-C1 (Clontech, Palo Alto, CA) using oligos 5ЈHindIIIATG-CYFP and 3ЈSacSTOPBamSal-CYFP and inserted into HindIII-and BamHI-cleaved pSMUG2ϩ (Lindner et al., 2002) to give either pSMUC2ϩ (for CFP tagging) or pSMUY2ϩ (for YFP tagging). Sequences of these plasmids are available at users.ox.ac.uk/ϳ kearsey/plasmids.
Cdc23 was C-terminally tagged with CFP by amplifying a cdc23 ϩ fragment with oligos 5ЈApaI-mcm10C and 3ЈSmaI-mcm10C and inserting the fragment into ApaI-and SmaI-cut pSMUC2ϩ to give pSMUC2ϩcdc23. This plasmid was cut with SpeI to tag the endogenous cdc23 ϩ gene with CFP. Cdc45 was tagged with YFP by amplifying a fragment using oligos 5ЈXhoI-sna41 and 3ЈSmaI-sna41, and the resulting fragment was inserted into XhoI-and SmaI-cut pSMUY2ϩ to give pSMUY2ϩcdc45. pSMUY2ϩcdc45 was cut with HpaI to direct integration into the cdc45 ϩ (sna41 ϩ ) locus. Orc6 was tagged with CFP by amplifying a fragment with oligos 5ЈApaI-orc6 and 3ЈXhoI-orc6 and this PCR product was inserted into ApaI-and XhoI-cut pSMUC2ϩ to give pSMUC2ϩorc6. This was cleaved with SpeI to direct integration into the orc6 ϩ locus. Mcm2 was tagged by using the oligos 5ЈXhoI-mcm2 and 3ЈSmaI-mcm2, and the resulting PCR fragment was cloned into XhoI-and SmaI-cleaved pSMUC2ϩ or pSMUY2ϩ. The resulting plasmids were cut with BglII to direct integration into the mcm2 ϩ locus. Mcm7 was tagged with CFP by amplifying the 3Ј end of the gene with the oligos 5ЈApaI-mcm7 and 3ЈSmaI-mcm7, and this fragment was inserted in to ApaI-and SmaIcut pSMUC2ϩ to give pSMUC2ϩmcm7. This plasmid was linearized with MluI to tag the endogenous mcm7 ϩ gene. Cdt1 was tagged by amplifying a cdt1 ϩ fragment with oligos 5ЈApaI-cdt1 and 3ЈSmaI-cdt1, and this was cloned into ApaI-and SmaI-cut pSMUC2ϩ. The resulting pSMUC2ϩcdt1 plasmid was cut with EcoRI to tag the endogenous cdt1 ϩ gene. For tagging the cdc45 ϩ gene in the background of the cyclin B shut off strain (nmt1(41X)-cdc13, cdc13⌬ cig1⌬ cig2⌬; Fisher and Nurse, 1995) , we replaced the ura4 ϩ marker in pSMUYϩcdc45 with an NgoM IV fragment containing the kanMX6 (kan r ) marker to give pSMRYϩcdc45-YFP. This was linearized with HpaI to direct integration at the cdc45 ϩ locus, thus generating strain P1276. All constructs were verified by sequencing.
Construction of Degron cdc23 Alleles
The cdc23tstd degron allele was constructed by amplifying the Nterminus-encoding part of the cdc23 ϩ gene using the oligos 5ЈXhoI-mcm10ATG and 3ЈSmaI-mcm10N, and this was inserted into a plasmid expressing the DHFR degron from the mcm4 ϩ /cdc21 ϩ promoter (XhoI-and SmaI-cut pSMUG2ϩ degron [ura4 ϩ -containing] or pSMRG2ϩdegron [kanMX6-containing; Lindner et al., 2002] ) to generate pSMUG2ϩdegronϩcdc23 or pSMRG2ϩdegronϩcdc23. BglII linearization was used for integration of these plasmids at the cdc23 ϩ locus. To derive a plasmid where the mcm4 ϩ promoter was replaced by the nmt1 thiamine-regulatable promoter, the mcm4 ϩ promoter of pSMUG2ϩdegron or pSMRG2ϩdegron plasmids was removed by EcoRI and ApaI digestion and replaced with an attenuated nmt1 promoter, amplified using the oligos 5ЈEcoRI-nmt1 and 3ЈApaI-nmt1, using pREP41X as template (Basi et al., 1993) , thus generating pSMUG2ϩnmt41degron (ura4 ϩ -containing) or pSMRG2ϩnmt41degron (kanMX6-containing) plasmids. The N-terminus of Cdc23 was removed as a XhoI-SmaI fragment from the pSMUG2ϩdegronϩCdc23 plasmid and inserted into the XhoI/SmaI sites of pSMUG2ϩnmt41ϩdegron or pSMRG2ϩnmt41ϩdegron plasmids. BglII linearization was used for integration. All constructs were verified by sequencing.
In Situ Chromatin-binding Assay
The chromatin-binding assay was carried out using the procedure in Kearsey et al. (2000) with the modifications in Lindner et al. (2002) .
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Vol. 14, September 2003For Cdc23-CFP strains, extractions were carried out at 4°C. Images were collected as before (Lindner et al., 2002) ; at least 100 cells were counted for each data point, and error bars show the range of two experiments. Fluorescence intensities of nuclei were quantitated using a modification of NIH Image macros developed by Dr. Joel Huberman, available at: http://saturn.roswellpark.org/huberman/ Quant_Flu_Microscopy/Quant_Flu_Micro.html. Micrococcal nuclease (Sigma, St. Louis, MO) digestion was at a concentration of 2.5 U/ml in an extraction buffer containing 2 mM CaCl 2 and 1% Triton X-100. In control reactions, the nuclease was inhibited by adding EGTA to 10 mM. Flow cytometric analysis of samples was carried out as described in Lindner et al. (2002) . Filter sets for YFP (41028) and CFP (31044 v2) were from Chroma Inc. (Brattleboro, VT).
Protein Analysis
Protein extracts were made by TCA extraction and analyzed by Western blotting as described previously (Grallert et al., 2000) . 
Cdc23 was detected either using monoclonal 3E1 anti-GFP antibody, or rabbit polyclonal anti-Cdc23. Rabbit polyclonal antibody was raised against N-terminal histidine-tagged full-length Cdc23, produced using expression vector pET-19b in Escherichia coli expression host BL21 (DE3) pLysS, and purified over nickel-charged HisBind resin (Novagen, Madison, WI). ␣-Tubulin was detected using Sigma T5168 at a dilution of 1/10,000.
RESULTS
Chromatin Binding of Cdc23 during the Cell Cycle
The chromatin binding of some replication factors such as Mcm2-7 proteins changes during the cell cycle, which reflects important regulatory controls on DNA replication. Mcm10 chromatin association is also regulated in Xenopus, because it binds in a step dependent on pre-RC formation but independent of Cdk2 and Cdc7, and disassociates during S phase together with Mcm2-7 (Wohlschlegel et al., 2002) . This behavior appears to be conserved at least in vertebrates, as mammalian Mcm10 associates with nuclear structures in S phase and dissociates in G2 (Izumi et al., 2000 (Izumi et al., , 2001 although in contrast, S. cerevisiae Mcm10 binds to chromatin throughout the cell cycle (Homesley et al., 2000) .
It is not clear how fission yeast Cdc23 compares with these situations, because a previous report described the protein as being associated with nuclease-resistant nuclear structures (Liang and Forsburg, 2001) , and the possibility of changes in nuclear association during the cell cycle has not been examined.
To extend this work we used an "in situ" chromatinbinding assay to analyze Cdc23. This technique, first used with Mcm2-7 proteins Lindner et al., 2002) , uses a detergent wash of permeabilized cells to extract nucleoplasmic, but not chromatin-associated, protein and thus reveals whether a given factor is chromatin associated in single cells, thus avoiding the need for synchronization procedures. We constructed a strain where the sole copy of cdc23 ϩ , expressed from its native promoter, is C-terminally tagged with CFP. In growing cells, Cdc23 is nuclear in Ͼ95% of binucleate (late M/G1/S phase) as well as uninucleate (G2 phase) cells, even after detergent washing, suggesting that the protein remains chromatin associated during the cell cycle ( Figure 1 , A and B). The fluorescence intensity is reduced by about half by detergent extraction, suggesting that a fraction of Cdc23 is nucleoplasmic and may be removed by 
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Vol. 14, September 2003 this procedure. Using a doubly tagged strain, cells showing Mcm2-YFP chromatin binding (i.e., in late M, G1, or S phase) also retained Cdc23-CFP, making it unlikely that displacement of this protein is occurring during the short G1 phase ( Figure 1A) . Furthermore, most cells retain chromatin associated Cdc23 after arrest in G1, S, G2, or mitosis with cdc10, cdc22, cdc25, or nda3 mutations ( Figure 1D ). Digestion of DNA with micrococcal nuclease caused complete loss of Cdc23, indicating that Cdc23 that is refractory to detergent extraction is chromatin associated ( Figure 1C) .
In contrast to the situation with cycling cells, we observed that chromatin association of Cdc23 is altered in stationary phase cells. After arrest in G1 by nitrogen starvation, Cdc23 levels are lower (unpublished data), but the protein is clearly nuclearly localized in cells directly fixed by methanol/acetone ( Figure 1E, ϪT) . In contrast to the situation with log phase cells, detergent washing can extract this nuclear Cdc23 ( Figure 1E, ϩT) . Taken together these results show that Cdc23 is chromatin associated throughout the cell cycle in log phase cells, but it is displaced from or less tightly associated with chromatin in G1-arrested, quiescent cells.
Mcm10 is present at about two molecules per origin in Xenopus (Wohlschlegel et al., 2002) , but there are potentially many copies of the protein per origin in S. cerevisiae, because Mcm10 is similar in abundance to Mcm2-7 and 40 -60 times more abundant than ORC . Given this wide range in abundance we compared Cdc23 levels with other tagged proteins by Western blotting. This showed that in contrast to the situation in budding yeast, Cdc23 is ϳ10 -20-fold less abundant than Mcm2 and Mcm7 and comparable in abundance to Orc6 ( Figure 1F ).
Cdc23 Chromatin Reassociation Is Independent of Mcm4
Given that the chromatin association of vertebrate Mcm10 requires the prior chromatin binding of Mcm2-7 (Wohlschlegel et al., 2002) , we considered the possibility that Cdc23 might also be loaded in an Mcm2-7-dependent step, but remain on chromatin after completion of DNA replication, thus obscuring any stage-specific association. To investigate this possibility, cells were arrested in G1 by nitrogen starvation, when Cdc23 is detergent extractable, and we followed the reassociation of Cdc23 when cells are refed and carry out DNA replication (Figure 2A ). Wild-type cells show an increase in Cdc23 that is not detergent extractable in advance of DNA replication (Figure 2, B-D) . To determine the relevance of Mcm2-7 protein in this reassociation, we used a tight allele of mcm4 where a conventional temperature-sensitive allele is N-terminally tagged with a domain that is ubiquitylated and degraded at 37°C (Dohman et al., 1994; Lindner et al., 2002) . In contrast to the situation in the single temperature-sensitive mutant, Mcm4 protein is rapidly degraded at the restrictive temperature in this double (mcm4tstd) mutant, and a tighter block to DNA replication is achieved (Lindner et al., 2002) . On refeeding the degron mutant at the restrictive temperature, DNA replication is blocked, but the reassociation of Cdc23 with chromatin shows timing similar to that of the wild-type strain ( Figure  2, B-D) . Thus although Cdc23 reassociates with chromatin before S phase, this step is independent of Mcm4 and presumably pre-RC formation.
Using Mcm2-7 and Cdc45 Chromatin Binding to Monitor Sequential Steps in Replication Activation in Single Cells
To investigate the function of Cdc23 in DNA replication we first explored whether Cdc45 chromatin association could be used to monitor a late step in replication activation in fission yeast cells, after the initial binding of Mcm2-7 proteins. Cdc45 loading is critical for replication control because it is the last step between origin unwinding and DNA synthesis and is rate-limiting for replication in Xenopus (Edwards et al., 2002) . Like Mcm2-7 proteins, Cdc45 (also known as Sna41) is constitutively nuclear during the Schizosaccharomyces pombe cell cycle (Miyake and Yamashita, 1998) , but a proportion of binucleate cells (in G1/S phase) is resistant to Cdc45 extraction ( Figure  3A ). This retained protein is solubilized by micrococcal nuclease digestion (unpublished results), implying that Cdc45 is bound to chromatin in these cells. Analysis of a strain containing Cdc45-YFP, Mcm7-CFP, and ␣-tubulin-GFP showed that Mcm7 chromatin association occurs first during mid-anaphase, as found for Mcm4 , but Cdc45 chromatin association is only seen in binucleate cells lacking spindles, i.e., after the completion of anaphase (Figure 3 , B and C). Most uninucleate (G2) cells were negative for both Mcm7 and Cdc45, implying that both proteins dissociate from chromatin by the end of S phase.
Analysis of a cdc10 mutant, which has been reported to block Mcm6 but not Cdc45 chromatin association (Uchiyama et al., 2001) , suggests that Cdc45 might associate with chromatin in a step independent of pre-RC formation, because Cdc10 is necessary for Cdt1 and Cdc18 transcription. To examine this point in more detail we constructed a strain containing Cdc45-YFP, Mcm2-CFP, and a degron mcm4tstd mutation. After shifting this strain to the restrictive temperature, both the associations of Mcm2 and Cdc45 with chromatin that are normally seen in binucleate (late M/G1/S phase) cells are now blocked (Figure 4, A and  B) . We also showed that as assayed by the in situ chromatin binding assay, Cdc45 chromatin binding is lost in a cdc10 mutant at the restrictive temperature (Figure 4, C and D) , which is consistent with a dependence of Cdc45 chromatin loading on Mcm2-7 chromatin binding. In addition, inactivation of either Hsk1 (homologous to S. cerevisiae Cdc7) using a temperaturesensitive allele, or CDK, using a strain with a thiamine-regulatable cdc13 ϩ gene in the background of a triple cyclin B gene deletion, also blocked Cdc45 chromatin association that is normally seen in binucleate (S phase) cells as well as S phase entry (Figure 4 , C-F). Relevant to these results is a recent study showing that the Sld3 partner of Cdc45 only binds to chromatin after Hsk1 activation (Nakajima and Masukata, 2002) . Taken together these observations indicate that fission yeast Cdc45 has similar properties to homologues in S. cerevisiae and Xenopus, associating with chromatin in a step that occurs after Mcm2-7 chromatin association and that is dependent on pre-RC formation and activation of CDK and Hsk1. Its chromatin association is thus likely to occur around the time of S phase onset. 
Cdc23 Functions after Mcm2-7 Chromatin Association and Is Required for Cdc45 Chromatin Binding
To investigate the effect of Cdc23 inactivation on the sequential chromatin association of Mcm2 and Cdc45, we constructed strains expressing fluorescently tagged versions of these proteins and a degron cdc23 allele. As with mcm4, to make this allele as tight as possible, we made a double mutant (cdc23tstd) where the degron is combined with a temperature-sensitive allele (cdc23-IE2; Grallert and Nurse, 1997) . In cycling cells, this degron version of Cdc23 is not efficiently degraded, but if cells are arrested in G1 by nitrogen starvation and then refed 37°C, efficient proteolysis is observed and DNA replication is blocked ( Figure 5, B and F) . Degron cdc23 strains containing Cdc45-YFP or Mcm2-CFP were thus arrested in G1, when both proteins are not chromatin associated, and refed at either the permissive or restrictive temperature, allowing the reassociation of these proteins with chromatin to be monitored. HU was added to the cultures to prevent displacement of Mcm2 or Cdc45 from chromatin on replication completion at the permissive temperature. On refeeding at 25°C, chromatin association of both proteins is observed (Figures 5, C and D, and 6, A and B) . However, at 37°C when Cdc23 is inactivated and degraded, chromatin association of Cdc45 is not detected (Figure 5, C and D) , although Mcm2 chromatin association occurs normally (Figure 6, A and B) . This indicates that inactivation of Cdc23 does not affect Mcm2 binding and presumably the early step of pre-RC formation, but affects a later one involving association of Cdc45 with chromatin.
Because Cdc23 functions after Mcm2 chromatin binding but before association of Cdc45, one possibility is that it promotes displacement of Cdt1 from pre-RCs, because Cdt1 is required for Mcm2-7 chromatin association but is not needed for DNA replication after initiation (Nishitani et al., 2000) . However, we find that Cdt1 does not persist in cells when Cdc23 is inactivated compared with wild-type cells (Figure 7) , indicating that the block to Cdc45 chromatin binding appears to be independent of Cdt1.
Inactivation of Cdc23 during S Phase Prevents Completion of DNA Replication
In Xenopus, although Mcm10 depletion prevents Cdc45 chromatin association during initiation, it has not been possible to determine whether Mcm10 is also required to maintain Cdc45 chromatin binding after S phase onset. To address this point we were unable to use the cdc23tstd allele, because degradation of Cdc23 in this strain is rather inefficient unless cells are nitrogen starved. We therefore made an improved mutant where transcription of the cdc23tstd allele is from an attenuated version of the nmt1 promoter (nmt-cdc23tstd), which can be repressed with thiamine. These cells were arrested in S phase by adding HU to the medium, which blocks cells with chromatin-associated Cdc45 and Mcm2, and both thiamine addition and a temperature shift to 37°C were used to eliminate Cdc23 activity (Figure 8, A and E) . After 4 h at 37°C there is no effect on Mcm2 chromatin association ( Figure 8C ), although there is a small but reproducible effect on the proportion of cells with chromatinassociated Cdc45 ( Figure 8B ). When cells were released from the HU block but maintained at 37°C, a significant proportion of cells maintained Cdc45 chromatin binding and nuclear division did not take place, whereas at 25°C or in the wild-type strain at either temperature, DNA synthesis was completed as assessed by loss of Cdc45 chromatin binding and the onset of nuclear division (Figure 8, B and D) . The inability of cdc23 mutant cells to complete S phase when released from the HU block implies that Cdc23 is required Strains containing YFP-tagged Cdc45 and temperature-sensitive cdc10 (P1166) or hsk1 (P1184) alleles were grown to log phase at 25°C and then shifted to the restrictive temperature (36°C for cdc10, 30°C for hsk1), and the chromatin binding of Cdc45 in binucleate cells was monitored using the in situ chromatin binding assay. The wild-type control strain (shifted to 36°C) was P1083. ϩT, cells were examined after detergent extraction; ϪT, cells were fixed directly. (D) Flow cytometric analysis of experiment shown in C. (E) Cdc45 chromatin association is dependent on CDK. Strain P1276, containing a triple cyclin B deletion and an nmt1-regulatable cdc13 ϩ gene was transferred to thiamine-containing medium at t ϭ 0 to inactivate CDK, and chromatin association of Cdc45 was monitored. This block to S phase entry (shown in flow cytometric analysis in F) also prevents Cdc45 chromatin association. In A, C, and E the percentage of binucleate cells with chromatin bound Cdc45 is shown as a percentage of total binucleate cells.
for the elongation or termination steps of replication and concurs with earlier studies (Nasmyth and Nurse, 1981; Kawasaki et al., 2000) . However, inactivation of Cdc23 has a more dramatic effect on the establishment rather than the maintenance of Cdc45 chromatin binding as assessed by detergent extraction. We have been unable to examine the effect of Cdc23 inactivation on maintenance of Cdc45 chromatin association in the absence of HU because of problems in inactivating Cdc23 quickly in nonarrested cells.
DISCUSSION
In this article we have extended the use of fluorescently tagged replication proteins to study the function of replication factors in fission yeast. Cells containing tagged Mcm2-7 and Cdc45 allow two steps leading to S phase to be monitored in single cells, one corresponding to pre-RC formation and the other occurring around DNA replication onset. Cdc45 chromatin association should provide a useful cytological method to distinguish cells in late mitosis/G1 from those in S phase and offers an alternative to methods that cannot be applied to single cells and require synchronization of cell populations.
Using this approach, we have shown that Cdc23 functions after Mcm2 chromatin binding, implying that it is not needed for pre-RC formation, but is necessary for the chromatin association of Cdc45 during replication initiation. This function is conserved between vertebrates and fission yeast, because comparable findings for Mcm10 function have been reported using a soluble in vitro system for DNA replication derived from Xenopus eggs (Wohlschlegel et al., 2002) . However, in S. cerevisiae, inactivation of Mcm10 leads to loss of chromatin-associated Mcm2 in G1-arrested cells, leading to . Inactivation of Cdc23 has no effect on Mcm2 chromatin association. Experimental procedure is shown in Figure 5A ; strains used were P1098 (cdc23tstd) and P1051 (wt), both of which contain Mcm2-CFP. As before, HU was added to cultures after refeeding to block cells in S phase and thus prevent displacement of Mcm2 at the permissive temperature. 
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What precisely is the biochemical role of Cdc23/Mcm10 in stimulating Cdc45 chromatin binding? One possibility is that it acts as a molecular tether between Cdc45 and other components of the pre-RC, to allow Cdc45 to associate with chromatin. Once loaded, Cdc45 could carry out origin unwinding (Walter and Newport, 2000) and subsequent assembly of RPA, polymerase ␣, and polymerase ⑀ during initiation (Mimura and Takisawa, 1998; Mimura et al., 2000; Uchiyama et al., 2001) . Cdc45 is required for elongation of replication forks (Tercero et al., 2000) , and Cdc23/Mcm10 could be essential for elongation by maintaining Cdc45 chromatin association during DNA synthesis. However, we find that if cells are arrested in S phase with HU after the Cdc45 chromatin-binding step, and then Cdc23 is inactivated, most cells retain Cdc45 chromatin association. The possibility that incomplete inactivation of Cdc23 is the explanation for a modest reduction in chromatin bound Cdc45 is not supported by the observation that when cells are released from the HU block in this experiment, they fail to complete S phase. This implies that the cells that retain chromatin associated Cdc45 are incapable of completing DNA replication in the absence of Cdc23 function. One interpretation of these results is that Cdc23/Mcm10 is not simply a tether for Cdc45, but affects Cdc45 chromatin association indirectly. For instance, Cdc23/Mcm10 could catalyze a step after pre-RC formation that is needed for both initiation and elongation. Cdc45 could bind as a consequence of this function at initiation, but, once bound, maintenance of its chromatin association would not be so dependent on Cdc23/ Mcm10's function during elongation. While this article was under review, Lee et al. (2003) Figure 9 . Chromatin association of fission yeast Cdc23 is shown to occur via ORC and, although direct evidence is lacking, this interaction is plausible based on interactions with ORC subunits in fission yeast (Hart et al., 2002) and humans (Izumi et al., 2000) as well as enrichment at origin sequences in S. cerevisiae (Homesley et al., 2000) . To explain the elongation requirement for Cdc23, Cdc23 is shown departing with the replication forks in association with the putative Mcm2-7 helicase, allowing ORC to bind free Cdc23. Interaction between Cdc23 and Mcm2-7 proteins is suggested by a number of studies (Merchant et al., 1997; Homesley et al., 2000; Izumi et al., 2000; Liang and Forsburg, 2001; Hart et al., 2002) , although from a consideration of the relative levels of these proteins in fission yeast only a small proportion of total Mcm2-7 can be associated in a complex with Cdc23. An alternative explanation for the function of Cdc23 during elongation that does not require its participation at the replication fork is that its presence at ORC could facilitate the passive replication of unfired origins, as suggested by pausing of forks at origins in a budding yeast mcm10 mutant (Homesley et al., 2000) .
In vertebrates, the main difference compared with fission yeast is that Mcm10 only binds after Mcm2-7 chromatin association, perhaps as interaction with these proteins rather than ORC is important for Mcm10 chromatin binding (Figure 9) . This is consistent with the observation that during S phase, Mcm10 disassociates along with Mcm2-7 proteins from chromatin (Wohlschlegel et al., 2002) . Comparison of Mcm10 sequences reveals that metazoan proteins have a C-terminal extension not found in yeasts (Izumi et al., 2000) , which contains a conserved domain, and it will be of interest to determine whether this is relevant to the distinct chromatin binding properties of vertebrate Mcm10.
These nonconserved patterns of Cdc23/Mcm10 chromatin association during the cell cycle comparing yeasts and vertebrates are intriguingly similar to those seen with Cdc7. S. cerevisiae Cdc7 is also bound to chromatin throughout the cell cycle (Weinreich and Stillman, 1999) , and the chromatin interaction of the Dbf4 regulatory subunit of Cdc7 is dependent on ORC (Pasero et al., 1999; Duncker et al., 2002) . In contrast, Xenopus Cdc7 requires prior binding of Mcm2-7 proteins for its chromatin interaction (Jares and Blow, 2000) . If chromatin associations of Cdc7 and Mcm10, which both function around initiation, are solely dependent on Mcm2-7 proteins in vertebrates, but dependent on ORC in yeasts, this could reflect a dispensability of ORC for initiation in vertebrates once Mcm2-7 chromatin binding has occurred. This is relevant to the consideration of models suggesting that Mcm2-7 complexes in vertebrates may become distributed over a large region of DNA after loading at ORC, before initiation, (Ritzi et al., 1998; Edwards et al., 2002) , thus potentially allowing initiation away from ORC.
In this work we have established that quiescent fission yeast cells must reestablish Cdc23 chromatin binding as a requirement for DNA replication, and it will be of interest to establish whether this possible coupling between growth and DNA replication has any regulatory significance. We have shown that this event is independent of Mcm2-7 chromatin association and thus does not seem to be related to the discrete binding of Mcm10 that occurs in vertebrate cell cycles after pre-RC formation. Growing fission yeast cells differ from vertebrate cells in that Mcm10 chromatin binding does not have to be re-established after mitosis, and if this step is rate limiting, it is possible that vertebrates thus have an additional regulatory step in G1 to control DNA replication that is not present in yeast. There are precedents for differences in replication control comparing eukaryotes. Yeasts lack vertebrate replication controls involving geminin (Wohlschlegel et al., 2000; Tada et al., 2001 ) and destabilization of ORC1 chromatin association after replication initiation (Mendez et al., 2002; Sun et al., 2002) , perhaps because unicellular organisms with small genomes can tolerate a lower fidelity of replication control. 
